This paper presents a nuanced robustness analysis for structures when only limited information is available. A new methodology based on fuzzy set theory is proposed to cope with scarce information as a major problem in the performance assessment of existing structures. The developed robustness measure provides information on the relationship between structural robustness and the magnitude of uncertainty in the damage of the structure. This feature is enabled through a nuanced consideration of imprecision in the damage assessment via alpha-level discretization. An entropy-based robustness measure is formulated as a function of imprecision in the damage state. On this basis different design solutions can be compared, in a one-swoop analysis, with respect to their robustness for different magnitudes of damage. This approach can, further, be used to assess effort for inspection versus gain in precision of the predicted structural performance. The development is of a general nature. Herein, it is elucidated in the context of a typical offshore en- * Corresponding author
corrosion effects on the reliability of offshore structures has been studied in [8] where the probabilistic corrosion model from [9] for mild steel immersed 46 in seawater was adopted to estimate the uncertainty in the corrosion depth for a relatively short period.
48
In engineering applications, the knowledge about the fluctuations of the when it is coarsely translated into effects on structural performance.
67
In this paper, we propose a nuanced robustness assessment based on fuzzy 68 set theory and an assessment of fuzziness using an analog to SHANNON's en-69 tropy [15] . We tap on the robustness measure proposed in [16] 
Similarly, the Damage Strength Ratio (DSR) is defined to measure the ability 105 of a damaged structure to sustain loads in excess of the design value,
106
DSR = ultimate resistance of damaged structure design environmental load .
The residual strength reflects the ability of having alternative load paths to 107 carry loads shed from damaged members (i.e. redundancy). The Residual
108
Resistance Factor (RRF) is defined as 109 RRF = ultimate resistance of damaged structure ultimate resistance of intact structure .
In addition, because the value of the residual strength corresponds to a par- 
where ω(t), w c (x, t), w sm (x, t) are weight functions (see [18] have been developed based on either reliability analysis or risk assessment.
144
Based on system reliability analysis, the probabilistic measure of redun-
where β damaged is the reliability index of the damaged structural system and 147 β intact is the reliability index of the intact system. Similarly, a probabilistic 148 measure called "damage factor" of a system was proposed in [7] as
to assess its capacity to withstand damage without undesirable response. 
where f Z (z) is the probability density function of a random variable Z. 
And for the case of an infinite set,
applies. In fuzzy set theory, for assessing the fuzziness of the fuzzy set A on analog to Shannon's entropy is introduced in [15] as
The coefficient k is introduced when transforming the dyadic logarithm in 
180
That is, log 2 (µ(x)) = k · ln(µ(x)) and k = 1 ln(2)
. Since entropies appear as 181 ratios in our approach, k is cancelled out and does not have any influence.
182
The entropy in Eq. (16) has the following properties: 
211
According to [16] , the robustness of a structural system R(·) can be de-212 fined as the ratio between the entropy of input parametersx and the entropy 213 of associated structural responsesz when the uncertainty of structural pa-214 rameters is quantified as fuzziness,
And the following properties hold, for system (1) and system (2), H(z 1 ) ≈ H(z 2 ), i.e. to the conclusion that 276 system (1) is as robust as system (2). However, this conclusion is only lim-
277
ited to a global view at the robustness of the two systems without reflection 278 of the degree of independence between the imprecision of fuzzy inputs and 279 the associated imprecision of fuzzy outputs at different membership levels.
280
To implement this relationship between the α-level sets, the assessment from
281
[16] is modified by utilizing alpha-level discretization as proposed in Section to the reduced imprecision in the fuzzy inputs.
290
The third problem concerning lack of invariance is circumvented by us-291 ing this robustness measure on an ordinal scale rather than on a ratio scale. The inconsistency explained in Section 3.1, see Fig. 1 , can be resolved 
is called α-level set. Given another fuzzy setB, the intersectionD of the 313 fuzzy setsÃ andB on X is obtained from
Since the fuzzy set theory, which permits the gradual assessment of the mem-315 bership of elements in relation to a set, is a generalization of the classical set 316 theory, the α-level set A α k can be viewed as a special fuzzy set. Thus, a new 317 fuzzy set can be defined as the intersection of fuzzy set A and its α-level set
as illustrated in Fig. 2 . This concept is then applied to the fuzzy inputx 
The robustness R(·) in [16] is obtained as a special case of Eq. (21) for
) and H(z α k =1 ) are normally both equal to zero. in Fig. 3(a) into the fundamental set Z with the aid of the following five 332 mapping models f j (x):
The membership functions for the fuzzy outputsz j can be obtained ana-
where µ j (z) = 0 for other values. The results are shown in Fig. 3(b) .
336
The functions f i (x) have been chosen to illustrate the effects discussed 337 below, which possess particular practical relevance and address the problem 338 in Fig. 1 . Specifically, f 2 (x) and f 3 (x) are selected to show that the associ-339 ated fuzzy outputsz 2 andz 3 have similar entropy values but different shapes.
340
The same applies to the selection of f 4 (x) and f 5 (x), but with a smaller un-341 certainty in the associated resultsz 4 andz 5 to work out discussion on this 342 effect, as well. One could use further functions, as well, for this study. Table 1 . Herein, we focus on uniform corrosion and define a fuzzy corrosion depth 455c (t) associated with the exposure time t coarsely derived from the data in 456 conjunction with a subjective assessment of deterioration, as shown in Fig. 7 .
457
The membership values µ(c) express the degree of subjective plausibility that 
where D 0 and t 0 are the diameter and wall-thickness, respectively, before 477 deterioration. Finally, the formulation at the cross-sectional level is extended 478 to obtain the total damage at the structural level by integration over all 479 structural members, which is calculated as β total ,
, and A i is the cross-sectional area of a structural 481 member with length L i before deterioration.
482
As the corrosion depth is modeled as fuzzy variablec(t = 16) as shown in 
ultimate strength analysis of structures in Fig. 8 calculation of RRF in Eq. (3) ferent from the statement that the X-frame is more robust than the K-frame 545 using the deterministic performance measures in [1, 2] . Furthermore, it is also known that the X-frame shows ductile behavior while the K-frame shows brit- 
